A detailed study of the production of hydrogen and high added-value liquid products from the ethanol dehydrogenation reaction in the presence of sodium hydroxide (10% m m -1 ) was undertaken. Experiments were carried out in a batch reactor under different reaction conditions (temperature of 240 ºC and autogenous pressure between 45 and 72 bar), with analysis of the products obtained in the gas, liquid and solid fractions. The results showed that hydrogen was the major product formed in the gaseous fraction (maximum of 86.9%), while sodium acetate was the product in the solid fraction. Studies of the reaction mechanisms confirmed formation of the products identified in the gaseous and solid fractions. Mass spectrometry analyses of the liquid fractions revealed the presence of a series of compounds with molecular masses considerably higher than that of ethanol, which could be explained by the favoring of anionic polymerization reactions, under the experimental conditions employed.
Introduction
The production of fuels from renewable resources has become a major focus of researchers and industry, due to the increasing demand for energy and the need for environmental preservation. [1] [2] [3] [4] [5] Renewable gaseous fuels, such as hydrogen, are among the most promising options for diversification of global energy sources. 1, [4] [5] [6] [7] According to the International Energy Agency, 8 hydrogen is forecast to account for about 18% of total global energy supply by 2050, as one of the pillars responsible for an energy transition and reduction of emission of almost 6 gigatons of carbon dioxide into the atmosphere. The production of hydrogen and hydrocarbons by means of the ethanol dehydrogenation reaction is an attractive option, since ethanol is a renewable and readily available fuel. 1, [4] [5] [6] [7] [9] [10] [11] The ethanol dehydration (equation 1) and dehydrogenation (equation 2) reactions are important for producing industrially relevant high added-value compounds from a renewable resource that is widely available. [1] [2] [3] [4] [5] [6] These two reactions can compete, and it is possible to alter the reaction conditions in order to favor formation of the desired product. [1] [2] [3] 6 The aldehyde watershift (AWS) reaction (equation 3) can also be used for the production of H 2 in the ethanol dehydrogenation process, with acetic acid also being produced. 
The ethanol dehydrogenation reaction, in the presence of catalysts, produces H 2 and carboxylates, and is favored by a basic reaction medium. 1, 6 On the other hand, the ethanol dehydration reaction is favored by low pH and produces ethylene and carboxylates, 1, 6, 15 which are usually manufactured industrially by the cracking of hydrocarbons 16 or by the Fischer-Tropsch synthesis. 7, 11, [17] [18] [19] As shown in equations 1 and 2, the reactions produce carbon monoxide and CO 2 , which can be viewed as a problem, from the environmental perspective. 1 The catalysts most widely used for ethanol dehydrogenation include metals such as Ni, Cu, Co, Cr, or Zn supported on Al 2 O 3 , ZrO 2 , or zeolites. 5, 15, 16, 20, 21 However, alternatives that are less expensive and have lower environmental impacts are required for the production of H 2 and high added-value compounds from ethanol. Therefore, important topics to be studied include the development of new catalysts that are cheaper and simpler, minimization of CO and CO 2 production, and detailed investigation of the liquid fraction produced in the reaction.
1,4,10
Sato et al. 4 used the liquid fraction from the ethanol dehydrogenation reaction performed with a Cu/ZrO 2 catalyst, in a reactor at 513 K and ambient pressure, as an additive for internal combustion engines. The liquid fraction was studied using high performance liquid chromatography (HPLC), which showed the formation of acetaldehyde, ethyl acetate, methyl ethyl ketone, propanone, and crotonaldehyde. The selectivity towards each product was determined and it was found that longer reaction times led to greater conversion of ethanol to liquid products, with maximum conversion of 61.1% for reaction using W/F = 19.0 g cat min g 2 ). The reaction assays were performed using an alcohol/base ratio of 10:1, in a Zr autoclave at 493 and 513 K, during periods of 120 and 240 min, at pressures up to 32 bar. The best results were obtained by reacting ethanol and NaOH at 523 K for 240 min, resulting in good percentage yields for H 2 and solid sodium acetate.
The work of Qu et al. 1 indicates an attractive option for the production of H 2 and high added-value carboxylates, employing a reaction that is simple, relatively inexpensive, and requires only mild temperature conditions, while avoiding CO and CO 2 production. The reaction mechanism proposed is relevant, and consisted of three step mechanism for dehydrogenation reaction whereby the ethanol produced in the third step could again participate in the first step (discussed below), although no detailed analyses were made of the solid and liquid fractions resulting from the ethanol dehydrogenation reaction, with the authors only describing the formation of sodium acetate as a reaction product.
The present work reports the synthesis of H 2 and high added-value liquid products from the ethanol dehydrogenation reaction in the presence of NaOH, with detailed study of the gaseous, liquid, and solid fractions resulting from the reaction, based on the work of Qu et al. 1 A process yield balance was performed in order to determine the best conditions for formation of the product of interest. The solid and liquid fractions were characterized in order to obtain detailed information about the reaction products and to compare them with those expected from reaction mechanisms already reported in the literature.
Experimental
The reactions were performed in a batch type Teflonlined stainless steel reactor with a useful capacity of 150 mL (Figure 1 ), evaluating the influence of reaction time on the yield.
The experiments (R1-R8) were as shown in Table 1 . The reaction denoted RB was the experimental blank, without addition of NaOH. The assays were performed using different mass loads, at a temperature of 240 ºC, with autogenous pressure in the reactor. The reaction start time was taken to be when the set temperature was reached. At the end of the reaction time, the reactor was left at rest for 12 h, after which the gaseous, liquid, and solid fractions were collected for analysis.
The gaseous fraction was analyzed by gas chromatography, using a C2V-200 instrument (Thermo Scientific) fitted with a thermal conductivity detector (TCD) nano detector and Plot-MS5A (Molecular Sieve 5A) and Bond-U (divinylbenzene type U) columns. The liquid fraction was analyzed by mass spectrometry, using a Premier XE system (Waters) equipped with a triple quadrupole detector and electrospray ionization (ESI). The samples were analyzed in negative mode, for m/z 10-500, with direct injection after 400-fold dilution of the crude sample. The solid fraction was analyzed using a Fourier transform infrared absorption (FTIR) spectrum (Model 65, PerkinElmer) fitted with an attenuated total reflection (ATR) accessory, in the range 600-4000 cm -1 , with spectral resolution of 0.5 cm
The Gibbs surface energies of the optimized geometries obtained without symmetry restrictions were determined by density functional theory (DFT) calculations at the B3LYP/6-311+G** level, performed using SPARTAN14. 22 Details of the energies and optimized structures are available from the authors upon request.
Results and Discussion
The gas chromatography analyses showed that all the reactions produced H 2 as the major product ( Table 1 ). The gases ethylene and ethane were also produced in smaller quantities, and traces of CO and CO 2 (lower than 1%) were also found (except for the RB reaction).
From comparison of assays R1, R2, and R3, and assays R5, R6, and R7, which were performed at 240 ºC under autogenous pressure (between 45 and 72 bar), it could be seen that as the reaction time increased, H 2 production increased, with consequent reduction in the amount of ethylene produced. The ethanol dehydration reaction leads to the formation of ethylene, which undergoes decomposition (equation 4) 7, 11 in the presence of water, with formation of CO and H 2 .
In comparison of reactions R1, R2, and R3 with reactions R5, R6, and R7, respectively, it could be seen that a decrease of the ethanol load in the reactor led to a decrease in the H 2 content, since hydrogen production was related (equation 2) . 3, [5] [6] [7] 11, 23 At the same time, the ethylene content increased, due to shift of equation 4 in the direction favoring product formation.
The amount of ethane produced in the assays ranged from 0.1 to 8.6%. The highest percentages of ethane in the final composition were found for the reactions at higher pressures and temperatures, and with longer reaction times.
The high presence of CO 2 as a reaction product in the RB assay, performed in the absence of NaOH, was due to favoring of the ethanol dehydration reaction (equation 1), 3, [5] [6] [7] 11, 23 which occurs preferentially in more acidic media. The CO formed as a product of ethylene decomposition (equation 4) can react with water molecules present in the medium, undergoing a shift reaction resulting in the formation of CO 2 and H 2 (equation 5).
An experiment was performed using a lower NaOH content (reaction R8), which resulted in substantially higher H 2 production (85.1%), compared to reaction R7 (56.3%), with a consequent significant reduction of the ethylene content, corroborating the results discussed above. The effect of the reagent load in the reactor was evaluated in assay R4, maintaining the same parameters as assay R1, but with half the load. The production of hydrogen increased, achieving the highest value found in this work (86.9%), accompanied by lower production of secondary products such as ethylene and CO 2 , since the reactions shown in equations 1, 4 and 5 were not favored. The result showed that more diluted solution for the reactants favor the H 2 production, since a positive solvent effect seems to take place on H 2 production in detrimental of ethylene formation. To form H 2 equations 3, 4 and 5 showed the use of water, and to form ethylene the product was water, since water increase on more diluted solution, then the dehydration is less favored and H 2 formation is more favored.
Considering reactions R1, R8, and R4, performed using reagent loads of 33, 22 and 16.5 g, respectively, with an ethanol/NaOH molar ratio of 10:1, it could be concluded that lower liquid loads led to larger gaseous fraction volumes (comparing reactions R8 and R4), with higher percentages of H 2 .
Reactions R4 and R8, which presented the highest percentages of H 2 , and reaction RB, which showed the lowest percentage of H 2 produced, were selected for a more detailed study involving the volume and mass balance of the gaseous products. Table 2 shows the initial and final masses of the liquid and solid fractions of the selected reactions.
It can be seen from Table 2 that NaOH influenced the reaction yield, since the absence of base in the medium resulted in low production of gaseous products. The lower occupation of the reactor by the (liquid) reactants in reaction R4 left a larger volume available for occupation by the gaseous phase. According to the Le Chatelier principle, considering the existing chemical equilibrium, there was production of a larger gas volume (1.2 L), with greater conversion of ethanol to products. In the case of reaction R8, the opposite occurred and a smaller gaseous fraction was produced (0.35 L).
From the masses of the liquid and solid fractions and the gas volumes produced in the reactions of the second block of experiments (Table 2) , it was possible to determine which of the conditions employed (R4 or R8) resulted in the highest production of each fraction, in order to favor generation of the product of interest. It can be seen that reaction R4 produced a larger gaseous volume, together with higher variability of the solid and liquid masses. This indicated that the conditions of reaction R4 favored the generation of gaseous products, while the conditions of reaction R8 favored greater production of the solid and liquid fractions. Reaction RB, performed in the absence of base, presented the highest solid and liquid fractions yield.
Qu et al. 1 proposed a sequence of three steps for the ethanol dehydrogenation reaction, whereby the ethanol produced in the third step could again participate in the first step. The mechanism starts with an acid-base reaction in which hydroxide deprotonates ethanol, with formation of ethoxide and water (Figure 2 ). In the second step, reaction between ethoxide and water produces acetaldehyde, hydroxide, and hydrogen. The third step consists of reaction between acetaldehyde and hydroxide, forming a nucleophilic addition intermediate, which was suggested to be deprotonated by the alkoxide present in the solution, forming a doubly charged anion (a Canizzaro intermediate), which then reacts with acetaldehyde to form acetate and ethanol. According to the proposed mechanism, a hydride is transferred to acetaldehyde by the Canizzaro intermediate, forming an alkoxide that can be protonated to produce ethanol. The ethanol produced in the third step can then participate in the first step. The authors suggested that H 2 formation occurs in the second step, while the third step involves the formation of acetate, without H 2 formation. In Figure 3 we suggested another possible reaction pathway, not covered in Figure 2 , that may take place, since neutral ethanol may be present in solution and the first step is equilibrium. The proposed mechanism showed that ethanol may undergo direct dehydrogenation to form the aldehyde, as an alternative to step 2 of Figure 2 . Figure 4 shows two other possibilities starting from acetaldehyde. In the first, acetaldehyde reacts with water to form acetic acid, which is subsequently deprotonated in highly basic medium, forming acetate. In the second reaction pathway, acetaldehyde reacts with hydroxide to form acetate. Both mechanisms are associated with the formation of hydrogen. These mechanisms were proposed with ethanol consumption and, based on that, we observe acetate formation and subsequent polymerization, to propose that the reaction go in a pathway without reform ethanol.
Considering the possible reactions shown in Figures 3  and 4 , it can be seen that hydrogen formation could also arise from the step involving the formation of acetate from acetaldehyde, and the results of isotopic labeling experiments undertaken by Qu et al. 1 did not exclude this possibility. In order to obtain further information about the possible mechanisms, ab initio B3LYP/6-311+G** calculations of the Gibbs surface energy ( Figure 5 ) were performed, using the energies for the different mechanisms shown in Figures 3 and 4 (mechanisms 1, 1' , and 2'), as well as those proposed by Qu et al. 1 (mechanisms 2 and 3'). It should be noted that in the case of 3', only the initial and final products of the step were considered.
It can be seen that step 1 is thermodynamically more favorable than step 2, although both can occur in reactors operated at high temperature and pressure. Reactions 1' and 2' form the same product and present high exothermicity, showing that it is possible to obtain hydrogen using these routes. The energy difference between steps 2' and 3' is small, suggesting that there could be a mixture of various reactions producing hydrogen.
This behavior, with several reactions occurring at the same time, was corroborated by the mass spectrometry analyses of the liquid fractions collected in the experiments. A comparison of the liquid phase compounds identified in experiments R1, R4, R7 and R8 is shown in Table 3 . It can be seen that the results obtained for assays R4 and R8 were very similar.
The mass spectrometry analyses of the liquid fractions for reactions R4 and R8, shown in Figures 6a and 6b , respectively, evidenced the presence of acetate (m/z 59), glycolate (m/z 75), crotonate (m/z 85), and oxooctanoate (m/z 139), in addition to unidentified ions with m/z 167 and m/z 183 (for R4), and m/z 183 and 291 (for R8). In order to identify these ions, experiments were performed using collision-induced dissociation (CID), selecting the ion obtained in the experiment, and fragmenting it with argon. The MS/MS spectrum obtained for each compound was compared to the MassBank of North America database. 24 It should be highlighted that no ethanol was detected in any of the liquid phase samples obtained after the reactions, indicating that the entire mass of ethanol contained in the reactor was converted into reaction products. The carbon chains corresponding to the identified compounds ( Figure 7) were even-numbered, with the exception of glycolate (m/z 75), suggesting that these species may have been formed by anionic polymerization reactions. Such polymerization reactions could have been favored by the high concentration of NaOH in the medium, as well as by the high temperature employed. The temperature and pressure conditions could also have favored the rupture of polymer molecules, leading to the formation of glycolate, which possesses three carbons in its chain. 25 Infrared spectroscopy analysis was applied to one of the solid fractions collected from the reactions, since all the solid fractions were visually similar. The infrared spectrum is shown in Figure 8 . All the bands present indicated that the sample corresponded to sodium acetate, as expected according to the reaction mechanism (Figure 2) . Qu et al. 1 also found pure sodium acetate as the solid product of ethanol dehydrogenation reactions in the presence of NaOH, identified by the authors using FTIR.
Bands at 2996 and 2934 cm -1 corresponded to C-H bonds of the carbon chain and the methyl group, related to carbons with sp 3 hybridization. Peaks at 1568 and 1408 cm -1 could be attributed to the carbonyl bond, with two peaks being detected due to the two resonance structures present. Peaks at 1042, 1012 and 924 cm -1 were assigned to stretching of the C-O bond, while a peak initiated to 650 cm -1 corresponded to the bond with sodium. 23, 26 The band at 650 cm -1 is not completely observed due to the limit of the instrument used for the analysis.
Conclusions
This work presents a reaction pathway for the dehydrogenation of ethanol in the presence of NaOH, performed at 240 ºC under autogenous pressure varying between 45 and 72 bar, without the use of a catalyst. This pathway enabled conversion of all the ethanol added to the reactor, leading to the formation of several high added-value products in the gaseous, liquid, and solid phases at the end of the reaction. The gaseous phase was composed mainly of H 2 (maximum of 86.9%) and ethylene, while the solid fraction consisted exclusively of sodium acetate. Different mechanisms for the production of molecular hydrogen and acetate were compared using ab initio calculations, together with the experimental results, which revealed the complexity of the reactions. Analysis of the liquid fraction evidenced the formation of compounds with molecular masses much higher than that of ethanol, which were produced by anionic polymerization reactions favored by the high temperature and the high concentration of NaOH in the medium. The different reaction conditions employed for the ethanol dehydrogenation led to variation of the gaseous phase produced, in terms of both its volume and its composition, hence demonstrating the versatility of this route for the selection of products of interest. The studies carried out in the article reveal a relevant and innovative theme bringing with it aspects that contribute to a better understanding of the non-catalytic dehydrogenation reaction of ethanol.
